Introduction
============

Epidemiological studies have shown that nutritional antioxidants slow down the progression and consequences of the diseases associated to oxidative stress. Diets rich in vitamins with antioxidant capacity have been of interest because of their potential health benefit against cardiovascular diseases, cancer, transplantation tissues, etc \[[@B1], [@B2]\].

Total interruption of hepatic blood flow is sometimes necessary during surgery, and it is indispensable in hepatic transplantation. Liver transplantation provides effective therapy for most forms of acute and chronic liver failure, ischemia-reperfusion (I/R) injury, inherent in every liver transplantion, is the main cause of both initial poor function and primary non-function of liver allograft \[[@B3]\]. This involves a period of ischemia followed by reperfusion. It is well established that the liver is quite sensitive to ischemia \[[@B3], [@B4]\], but an additional component of injury could result from events occurring during reperfusion \[[@B4]\]. A large number of factors and mediators play a part in liver I/R injury \[[@B5]--[@B7]\]. Early activation of Kupffer cells enhances the formation of reactive oxygen species (ROS) and proinflammatory mediators such as tumor necrosis factor-α, interkeukin-1 and proteases \[[@B8]\]. The activation and migration of the polymorphonuclear leukocytes (PMN) at the target site prolong the deleterious process by secreting inflammatory cytokines, adhesion molecules, and reactive oxygen species \[[@B3], [@B9], [@B10]\]. The enhancer formation of reactive oxygen is considered to be responsible for triggering a severe oxidative stress. Toxicity of ROS arises from the peroxidation of membrane phospholipids, which may cause membrane disintegration resulting in mitochondrial dysfunction and loss of the energetic homeostasis \[[@B11]\].

Antioxidants are substances that react with oxygen free radicals and stop tissue oxidation \[[@B12], [@B13]\]. The endogenous antioxidant system consists mainly of enzymes such as catalase, superoxide dismutase, and glutathione peroxidase. Sometimes is necessary the action of exogenous antioxidants such as vitamins α-tocopherol, ascorbic acids and the carotenoids \[[@B12]\] to reinforce the endogenous antioxidant capacity.

α-Tocopherol and β-carotene have been widely studied because of their special chemical and nutritional properties. Both antioxidants are essential components found in the normal mammalian diet, and oral supplementation with these compounds is well tolerated. Therefore, α-tocopherol and β-carotene provide a first line of defence against DNA oxidative damage and act mainly as a chain-breaking antioxidant lipid peroxidation of unsaturated fatty acids in the cell membrane \[[@B14]--[@B17]\].

In the present study, we determine the cellular status in relation to antioxidative defences in an experimental model of ischemia/reperfusion in rat liver. The preventive effect on the oxidative stress by the administration of antioxidants (i.e. α-tocopherol or β-carotene) with the diet was studied measuring the ATP levels, antioxidant enzymes (superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX)) and glutathione (GSH) levels.

Materials and Methods
=====================

Chemicals and reagents
----------------------

All reagents were of analytical grade and obtained from Merck (Darmstadt, Germany) and Scharlau (Barcelona, Spain). Enzymes and coenzymes together with other substrates used in this study were of the highest grade and available from comercial Boehringer (Mannhein, Germany) and Sigma Chemical Co. (St. Louis, MO). Standard diets were prepared by Letica (Barcelona, Spain)

Animals
-------

Adult male Wistar rats, weighing from 170--250 g, were used in the present study. They were maintained on a 12 h day-night rhythm with free access to water and food. The animals were fasted for 24 h before surgery, but allowed water ad libitum. The experiment was performed in accordance with the Recommendations of the Helsinki Declaration.

Experimental design and protocol
--------------------------------

The animals were randomly divided into three main experimental groups: control, α-tocopherol and β-carotene treated comprising of ten animals each group. Animals of control group were fed with a basal diet (Letica, Barcelona); α-tocopherol group were supplemented with α-tocopherol (20 mg/day) once orally for 21 days; β-carotene groups were supplemented with β-carotene (3 mg/day) once orally also during 21 days.

Induction of ischemia-reperfusion injury
----------------------------------------

Anaesthesia was induced intraperitoneally with pentobarbitone sodium at doses 60 mg/Kg. After laparotomy, liver was perfused in situ in a non-recirculating system in the anterograde direction (via portal vein), with a Krebs-Henseleit bicarbonate buffer supplemented with EGTA (0.5 mM) and glucose (10 mM) saturated with O~2~/CO~2~ 95/5 (v/v), pH 7.4 at 4°C. After cannulating the portal vein, livers were perfused for 5 min and tissue samples were taken, freeze-clamped and immediately frozen in N~2~ liquid (initial time). Liver ischemia was induced by interruption of the flow while the system was kept at 4°C. At time 15 and 30 min of liver ischemia samples were cut, freeze clamped and frozen in N~2~. The reperfusion was allowed for 60 min with the Krebs-Henseleit oxygenated buffer supplemented with CaCl~2~ (1.25 mM) at 37°C. Initial flow rate of reperfusion was kept moderately low (2 ml/min/g of liver) and increased gradually to 4 ml/min/g of liver over 4 to 5 min and tissue sample was also obtained (reperfusion 60 min). At the end 4 samples into each group was obtained: initial, ischemia 15 min (Is 15), ischemia 30 min (Is 30) and reperfusion 60 min (rep 60).

ATP determination
-----------------

At the end of the incubation period metabolic reactions were stopped by the addition of 0.4 mL of 20% (v/v) perchloric acid to the incubation mixture and placed on ice-containing tray. Acidified incubated samples were centrifuged to precipitate proteins and the supernatants were neutralized with potassium hydroxide for the enzymatic determination of ATP. The ATP levels were determined measuring spectrophotometrically at 340 nm the NADPH oxidation in the presence of glucose \[[@B18]\].

Measurement of antioxidant enzymes activities
---------------------------------------------

The activity of the total superoxide dismutase (SOD) was according to the method of McCord and Fridovich \[[@B19]\] based on the production of superoxide radicals during the conversion of xanthine to uric acid by xanthine oxidase and the inhibition of cytochrome c reduction. One unit of SOD activity was defined as the amount of SOD that produces 50% inhibition of cytochrome c reduction.

Catalase activity was assayed using the method described by Clairbone \[[@B20]\]. The reaction mixtures (1 mL) consisted of 50 mM potassium phosphate (pH: 7.0) 19 mM H~2~O~2~ and a sample. The reaction was initiated by the addition of H~2~O~2~ and absorbance changes were measured at 240 nm.

Glutathione peroxidase activity (GPx) was determined measuring the conversion of NADPH to NADP in the presence of reduced glutathione (GSH) and H~2~O~2~ spectrophotometrically at 340 nm according to the method described by Flohe and Gunzler \[[@B21]\].

Measurement of GSH levels
-------------------------

The levels of total GSH have been determined by the assay with glutathione-s-transferase according to Brigelius *et al.* \[[@B22]\].

Statistics
----------

Results are expressed as mean values ± SD. Comparison of the means of four measurements using a significance level of *p*\<0.05 was performed by one-way analysis of variance (ANOVA) using the Statgraphics Computer System.

Results
=======

Table [1](#T1){ref-type="table"} shows the ATP levels at initial time, after 15 and 30 min of ischemia (Is) and after 60 min of reperfusion (Rep) of hepatocytes isolated from control group rats and of the rats whose diet were supplemented with α-tocopherol or β-carotene. In control rats ATP levels were of 1.05 ± 0.15 µmol/g tissue for initial time and the levels decreased significantly to values of 0.29 ± 0.07 µmol/g tissue and 0.14 ± 0.04 µmol/g tissue after 15 and 30 min of ischemia. A little but not significant recovery of the ATP levels occurred after reperfusion at 60 min. In the groups of the rats that took α-tocopherol and β-carotene the ATP levels decrease significantly during the ischemia but after 60 min of reperfusion the levels increased significantly to recovery initial values. When compared ATP levels of hepatocytes of rats that took a diet supplemented with α-tocopherol o β-carotene ATP with control group, not differences were observed at initial time and after 15 of ischemia. However, levels significantly higher were observed after 30 min of ischemia and of 60 of reperfusion in the group of rats that took α-tocopherol or β-carotene.

The effect of the supplemented diet on endogenous enzymatic activities (SOD, catalase and GPx) was studied (Fig. [1](#F1){ref-type="fig"}). In the control group the activity of the three enzymes not change significantly during the ischemia but an increase after 60 min of reperfusion for SOD and catalase activity was observed. The group of the rats fed with an enriched diet in α-tocopherol or β-carotene showed a significant decrease in SOD activity during ischemia periods (15 and 30 minutes, *p*\<0.05), with a recovery in the reperfusion period that reached the initial values. In relation to catalase and GPX activities no significant differences were observed among initial, ischemia and reperfusion time.

When compared the groups of rats whose diet were supplemented with α-tocopherol and β-carotene with the control group we observed that to initial time the group of α-tocopherol showed lower values of GPx activity, but the β-carotene group showed for all enzymes higher activities. For ischemia and reperfusion period, the enzymatic activities in the group of α-tocopherol are lower than those of the control group. Nevertheless, the catalase and GPx activities of β-carotene group were higher than those of the control group.

Pattern of changes in GSH levels during I/R can be seen in Table [2](#T2){ref-type="table"}, not changes were observed in control and β-carotene group. However, the group of the rats that took α-tocopherol, a significant increase (*p*\<0.005) in GSH values was observed at 30 min of ischemia time. When compared the GSH levels among groups, we observed that the groups that took α-tocopherol and β-carotene showed values higher that those of the control group.

Discussion
==========

Oxidative stress is an imbalance between oxidants such as ROS and antioxidants, and probably contributes to the development, progression and complications of ischemia-reperfusion, which is characterized by the increased production or decreased elimination of antioxidants \[[@B3]\]. Epidemiological and clinical studies suggest that dietary antioxidants may reduce the risk of different diseases and is often associated with several health benefits correlated with their antioxidant properties \[[@B2]\]. α-tocopherol and β-carotene reduces the level or reactive oxidant species intracellular and reacts rapidly with a variety of oxidants \[[@B15]\].

Preservation of the liver in transplantation procedures involves a period of ischemia. Mechanisms for induced ischemia injury are not completely clarified, but they could be related to depressed mitochondrial function and a reduced capacity to regenerate high-energy phosphate compounds (ATP) by the liver \[[@B3], [@B23]\]. During the ischemia period of liver transportation and preservation, maintenance of energy charge and adequate nucleotide levels are critical for tissue viability because the high metabolic rate of hepatic tissue makes it vulnerable to the injurious effects of ischemia \[[@B24]\]. In our study it was observed that the recovery of tissue ATP levels after reperfusion in the rats fed with a diet enriched with α-tocopherol or β-carotene. The restorative effect of α-tocopherol and β-carotene on ATP and energy metabolism is explained by the antioxidant and membrane protective action of these compounds on mitochondrial functions \[[@B25], [@B26]\]. The antioxidant capacity of vitamin E resides in transferring a phenolic H+ to oxidant radicals derived from oxidized polyunsaturated fatty acids \[[@B13], [@B14], [@B17]\]. β-carotene may interact with free radicals by electron transfer, hydrogen abstraction and addition of a radical species and it is very reactive to peroxyl radicals \[[@B27]\].

Some intracellular enzymes, e.g. superoxide dismutase, catalase and glutathione peroxidase can effectively block the activity of the free oxygen radicals and thus keep the normal biomolecules peroxidation rate \[[@B2]\]. In our study not changes were observed during the ischemia but in the reperfusion the influx of oxygenated blood was accompanied by a stimulation of superoxide dismutase and catalase activities. Some naturally antioxidants, such as α-tocopherol and β-carotene can play a role as active scavengers of free radicals and modified the levels of enzymes antioxidants. At the present time, the effect of α-tocopherol or β-carotene on the activity of antioxidants enzymes in I/R has not been clarified.

In the rats that took α-tocopherol or β-carotene hepatic superoxide dismutase activity decreased significantly at 15 and 30 min of ischemia compared to initial time and recovery initial values after 60 min of reperfusion, but not changes were observed for catalase and GPx activities. This decreased could be due to their role as scavengers of superoxide radical or as inhibitors of their production. Previous studies have demonstrated an increase in superoxide production in Kupffer cells isolated from ischemia and reperfused livers \[[@B3]\].

When the α-tocopherol group was compared with control group the superoxide dismutase after ischemia and reperfusion period, catalase after reperfusion and glutathione peroxidase in all periods showed lower activities than those of control group. In contrast, the β-carotene group showed higher activities for all enzymes than those of control group.

The reason of the changes observed in enzymes activities result of the supplementation is not clear. α-tocopherol may act as direct scavenger of reactive oxygen species mainly of superoxide radical and decrease the hepatic need for certain antioxidant enzymes. In contrast, β-carotene could increase the antioxidant enzyme activities in response to an increase in oxidative stress. It is known that the expression of antioxidant enzymes are induced and regulated by ROS and apparent prooxidant effects of carotenoids have been reported *in vitro* by different causes \[[@B27]--[@B29]\]. One of the enzymes that increase significantly in the rats fed with β-carotene is the GPx. These results suggest that these rats to have a stronger capacity to protect the peroxidation of the membrane and that would explain the protective effect observed on ATP levels during the reperfusion.

GSH participates in the antioxidative defence in different ways \[[@B30]--[@B33]\]. Although no significant changes were observed between the ischemia and reperfusion period in either the standard or supplemented diet, our results show higher values of GSH in the latter one. GSH depletion of about 20 to 30% of total glutathione levels can impair the cell's defence against the toxic actions of such compounds and may lead to cell injury and death \[[@B34], [@B35]\]. In this sense, the maintenance of high levels of GSH is crucial for the surviving of the cells \[[@B35]\].

Conclusions
===========

In summary, our results indicate that the supplementation with α-tocopherol and β-carotene increase the levels of ATP during the reperfusion possibly as a result of the changes observed in the enzymatic (SOD, catalase and GPx) and no-enzymatic (GSH) antioxidant state of the liver.
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###### 

Concentrations of adenosin triphosphate levels (ATP) in the liver of the different groups: control, α-tocopherol group and β-carotene group.

  ATP (µmol/g tissue)   Control            α-tocopherol         β-carotene
  --------------------- ------------------ -------------------- -------------------
  Initial               1.052 ± 0.15^b^    0.975 ± 0.27^b^      1.00 ± 0.3^b^
  Is 15 min             0.291 ± 0.068^a^   0.238 ± 0.117^a^     0.358 ± 0.17^a^
  Is 30 min             0.142 ± 0.039^a^   0.210 ± 0.097^a^\*   0.297 ± 0.06^a^\*
  Rep 60 min            0.362 ± 0.025^a^   0.880 ± 0.188^b^\*   0.852 ± 0.17^b^\*

ATP levels were measured at initial time (control), after 15 (Is 15 min) and 30 (Is 30 min) minutes of ischemia and after 60 min of reperfusion (Rep 60 min). Results are expressed as mean ± SD of 10 separated experiments. For the same diet values with different alphabetical letters are significantly different (*p*\<0.05). \* Indicates that values are different (*p*\<0.05) vs to control group.

###### 

Glutathione (GSH) levels in homogenate rat liver, fed with different diets: control diet, diet supplemented with α-tocopherol and diet supplemented with β-carotene.

  GSH (µmol/g tissue)   Control        α-tocopherol         β-carotene
  --------------------- -------------- -------------------- ----------------
  Initial               2.28 ± 0.237   4.11 ± 0.448^ab^\*   3.55 ± 0.738\*
  Is 15 min             2.26 ± 0.260   4.05 ± 0.609^ab^\*   3.21 ± 0.433\*
  Is 30 min             2.19 ± 0.392   4.25 ± 0.855^b^\*    3.67 ± 0.649\*
  Rep 60 min            2.29 ± 0.195   3.64 ± 0.269^a^\*    3.12 ± .711\*

GSH levels were measured at initial time (control), after 15 (Is 15 min) and 30 (Is 30 min) min of ischemia and after 60 min of reperfusion (Rep 60 min). Results are expressed as mean ± SD of 10 separated experiments. For the same diet values with different alphabetical letters are significantly different (*p*\<0.05). \*Indicates that values are different (*p*\<0.05) to control group. \*\*Indicates that values are different (*p*\<0.005) to control group.
